Abstract. Vascular dementia (VD) is a syndrome characterized by progressive cognitive decline. According to previous studies, stroke is considered to be a risk factor for VD. The disruption of the blood-brain barrier (BBB) is pivotal to the pathology of stroke, as it contributes to post-stroke inflammation and edema. It has been reported that the Eph/Ephrin signaling pathway serves an important role in central nervous system injury. However, the role of EphrinA1/EphA4 signaling in BBB damage following ischemic stroke has not yet been reported. Oxygen-glucose deprivation/reperfusion was performed to detect changes in EphrinA1 and EphA4 expression in human brain microvascular endothelial cells (HBMECs). Male mice were randomly divided into four groups [Sham, ischemia-reperfusion (I/R), I/R+EphrinA1 and I/R+EphA4] to observe the role of EphrinA1 and EphA4 under I/R conditions in vivo. The results of the present study revealed that the expression of EphrinA1 and EphA4 was significantly increased following I/R in vitro and in vivo. The administration of soluble ligand EphrinA1 enhanced CD68 + cell accumulation, brain edema and dysfunction of the BBB, with lower expression levels of zonula occludens-1 (ZO-1) and Claudin-5. In addition, EphrinA1-treated mice had a higher level of caspase-3 and a lower level of phosphorylated-protein kinase B. However, the effects of EphrinA1 were abolished by EphA4-Fc, an inhibitor of EphA4. These results suggested that EphrinA1 exerted its effects on I/R injury via the activated EphA4 receptor. In addition, EphrinA1 decreased ZO-1 and Claudin-5 expression through the Rho/Rho associated kinase (ROCK) signaling pathway, which was attenuated by the pharmacological inhibition of Rho (C3 transferase) or ROCK (Y-27632). In conclusion, the present study provides evidence that the activation of EphA4 induced by EphrinA1 contributes to BBB damage following ischemic stroke through the Rho/ROCK signaling pathway, which highlights a potential therapeutic strategy for ischemic stroke and may help the development of preventative interventions for VD.
Introduction
Vascular dementia (VD) is one of the most prevalent forms of dementia, which progressively affects cognitive abilities due to reduced blood flow in the brain (1) (2) (3) (4) . In general, VD patients often exhibit some cognitive disorder, such as forgetfulness, depression, anxiety or disorientation (5) . Unfortunately, the molecular mechanism of VD remains unidentified at present. Notably, it has been accepted that ischemic stroke is an important risk factor of VD, leading to increased mortality and morbidity (6) (7) (8) (9) . Ischemic stroke can generate blood-brain barrier (BBB) damage and brain vasogenic edema. The process includes oxidative stress, inflammation, apoptosis and excitotoxicity (10) (11) (12) . Subsequent cognition impairment caused by BBB damage induced by stroke has been observed (13) . Therefore, the suppression of BBB damage may help to prevent ischemic stroke and post-stroke dementia.
The BBB is the major site of blood-central nervous system exchange at the level of the brain microvessel endothelium (14, 15) . Brain microvascular endothelial cells (BMECs), the primary structures responsible for BBB permeability, are connected by tight junctions (TJ) and control the ionic equilibrium in brain (16, 17) . Increasing evidence has supported the idea that disorders of some TJ-associated proteins promote the dysfunction of the BBB in many central nervous system diseases (18, 19) . Loss of BBB integrity is one of the key events in ischemic stroke (20) . Unfortunately, the exact molecular mechanism underlying the BBB damage associated with stroke has not been elucidated. The Eph receptor-ligand family represents the largest family of tyrosine kinases; the interaction between Eph receptors and their ligands is pivotal to physiological functioning by regulating cell-cell contact (21) . Increasing evidence has shown that the Eph-Ephrin system is involved in inflammatory processes (22) . Interestingly, it has been demonstrated that EphrinA1/EphA4 signaling is pivotal to the adhesion between monocytes and endothelial cells in vitro, thus EphrinA1/EphA4 signaling may play a key role in inflammatory stimuli (23) . Moreover, inflammatory processes participate in the pathology of ischemic stroke, contributing to the damage to the BBB (24, 25) . Therefore, we hypothesize that the activation of EphrinA1/EphA4 signaling promotes stroke-induced BBB damage and brain injury.
Activation of EphA4 induced by EphrinA1 exacerbates disruption of the blood-brain barrier following cerebral ischemia-reperfusion via the Rho/ROCK signaling pathway
I n ou r resea rch, we det e ct e d t he ef fe ct of EphrinA1/EphA4 signaling on BBB damage following cerebral ischemia-reperfusion (I/R) in mice. We first demonstrated that EphrinA1/EphA4 signaling could enhance ischemic brain injury via the Rho/ROCK pathway in vivo, which was associated with increased BBB permeability, as indicated by down-regulation of TJ-associated proteins and enhanced inflammatory cell infiltration.
Materials and methods
Reagents. Primary antibodies targeting EphrinA1, EphA4, Phospho-ROCK, ROCK, CD68, ZO-1 and Claudin-5 were obtained from Abcam (Cambridge, MA, USA). Recombinant Mouse EphrinA1 protein and EphA4-Fc were purchased from R&D Systems, Inc. (Minneapolis, MN, USA). Primary antibodies targeting caspase3, Phospho-AKT and AKT were purchased from Beyotime Institute of Biotechnology (Shanghai, China). The primary antibody targeting β-actin was purchased from Sigma-Aldrich (Merck KGaA, Darmstadt, Germany).
Cell culture. Human brain microvascular endothelial cells (HBMECs), which retain key features of cerebral endothelial function were obtained from Cell Systems Corporation (cat. no. ACBRI376; Kirkland, WA, USA) and used for the in vitro assay. The cells were maintained in DMEM supplemented with 10% fetal bovine serum (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA), 100 IU/ml penicillin, 100 IU/ml streptomycin and 5% CO 2 in a humidified incubator at 37˚C.
In vivo stroke model. In this study, the mouse model of stroke was induced via the method of middle cerebral artery occlusion (MCAO), as previously described (26) . All experiments were approved by the Medical Ethics Committee of the PLA 102nd Hospital for Animal Care and Use. A total of 40 male mice (20-24 g ) were used to detect the effect of the EphrinA1/EphA4 signaling pathway in I/R injury. These mice were divided into four groups: Sham (n=10), MCAO (n=10), MCAO+EphrinA1 (n=10) and MCAO+EphrinA1+EphA4-Fc (n=10). In the MCAO groups, temporary left MCAO was performed for 60 min; the mice were anesthetized using 5% chloral hydrate (400 mg/kg), and then a midline ventral neck incision was made. A 6-0 nylon monofilament (0.20-0.22 mm tip) was used to obstruct the artery lumen, followed by reperfusion for 72 h in the MCAO groups. In the sham group, arteries were visualized but not disturbed. The mice in the 72 h I/R groups were assigned to receive a caudal vein infusion of EphrinA1 (2 mg/kg/d) or EphA4-Fc (1 mg/kg/d) at 1 h after reperfusion. In addition, a total of 40 male mice (20-24 g ) were used to detect the effect of the Rho/Rock signaling pathway in EphrinA1/EphA4 system-mediated I/R injury; these mice were divided into five groups: Sham (n=8), MCAO (n=8), MCAO+EphrinA1 (n=8), MCAO+EphrinA1+C3 transferase (n=8) and MCAO+EphrinA1+Y-27,632 (n=8). Rho inhibitor (C3 transferase) (4 mg/kg/d) or ROCK inhibitor (Y-27,632) (5 mg/kg/d) was infused via the caudal vein, with the first administration at 30 min prior to EphrinA1 after reperfusion. All samples in this study were collected at 72 h after reperfusion.
Western blotting. The harvested cortical tissues at 24, 48 and 72 h after MCAO were homogenized, then lysed in RIPA buffer (Beyotime Institute of Biotechnology, Shanghai, China) containing 1% protease inhibitor (Thermo Fisher Scientific, Inc.). After collecting the protein, the protein levels were quantified using a BCA protein assay kit (Thermo Fisher Scientific, Inc.). Subsequently, 50 µg proteins were loaded, electrophoresed and transferred onto polyvinylidene difluoride membranes, which were blocked for 1.5 h using 5% milk in TBST. The membranes were incubated with primary antibodies overnight at 4˚C. After three washes, IgG-HRP secondary antibody (1:5,000 dilution) (Zhonshan Biology Company, Beijing, China) incubation was conducted for 1 h at 37˚C. Finally, the membranes were stained with DAB mixed liquid (Bio-Rad Laboratories, Inc., Hercules, CA, USA), and scanned using a gel imaging system.
Glucose deprivation. Oxygen-glucose deprivation/reperfusion (OGD/R) was performed to simulate ischemic conditions in vitro, as previously described (27) . The HBMEC cultures were subjected to OGD/R conditions by replacing the normal medium with glucose-free Locke's solution, and were incubated under 94% N 2 /5% CO 2 /1% O 2 at 37˚C for 6 h. The cells were then reperfused by placing them in fresh normal DMEM under normal atmospheric conditions for 12 or 24 h.
Histological analysis.
Brains were collected from all groups and fixed for histological analysis. The whole brains were extracted and treated with formalin for 24 h. After dehydration, each brain was embedded in paraffin and cut into 8-µm sections of tissue using a histotome. After rehydration, the brain tissue sections were permeabilized with 0.3% Triton-X and blocked in 5% BSA for 1 h at 37˚C, then incubated with EphrinA1, EphA4 and CD68 antibodies overnight at 4˚C. Following primary incubation, the sections were incubated with HRP-conjugated secondary antibodies for 1 h at 37˚C. The chromogenic reaction was performed using DAB mixed liquid. After dehydration and treatment with Permount™ mounting medium, micrographs were captured with a light microscope.
Measurement of brain edema. The wet-dry method was used to measure the degree of brain edema following I/R injury.
The left and right sides of the brains were divided, and the wet weights of the hemispheres were recorded immediately. Subsequently, the hemispheres were dried in the oven for 3 days at 100˚C. Brain edema was detected by calculating the water content based on the following formula: Brain water content (%)=(1-dry weight/wet weight) x100%.
Neurological scores. Brain function following I/R injury was examined using a neurological deficit scoring scale. The scoring system was defined as follows: 0=no deficit, 1=failure to fully extend the contralateral forelimb, 2=circling to the contralateral side, 3=leaning to the contralateral side at rest and 4=no spontaneous walking. Each mouse was scored three times in a blinded manner.
Rho activation assay. Based on the instructions of the Rho activation measurement kit, HBMEC lysates were incubated with rhotekin Rho-binding peptide immobilized on agarose. Activated GTP-Rho bound to rhotekin agarose was detected by anti-Rho antibody (Santa Cruz Biotechnology, Inc., Dallas, TX, USA).
Statistical analysis. All results are expressed as the mean ± SEM. SPSS 17.0 software (SPSS, Inc., Chicago, IL, USA) was used for analysis. One-way analysis of variance (ANOVA) was used to examine the differences in the data of each group, followed by the LSD post hoc test. Neurological deficit scores were analyzed using a non-parametric Kruskal-Wallis test. The differences were considered significant at P<0.05.
Results

Upregulation of EphrinA1 and EphA4 following cerebral I/R in vivo and in vitro.
To test whether EphrinA1 and EphA4 are involved in I/R injury, the expression of EphrinA1 and EphA4 was examined in stroke models in vitro and in vivo. OGD/R was used to simulate ischemia-like conditions in vitro. After subjecting the HBMECs to OGD/R for 12 or 24 h, western blotting demonstrated that the expression of EphA4 and EphrinA1 was significantly increased (Fig. 1A and B) . (Fig. 1C and D) , and the immunohistochemistry staining also displayed higher levels of EphA4 and EphrinA1 expression following cerebral I/R for 72 h in the ipsilateral ischemic brain regions (Fig. 1E) .
EphrinA1 contributes to BBB damage through the EphA4 receptor. Since stroke is caused by the breakdown of BBB integrity, we hypothesized that the upregulation of EphrinA1 may be involved in the breakdown of BBB integrity following I/R injury in vivo. We wanted to detect whether the weak BBB stability following I/R was caused by EphrinA1 overexpression inducing abnormal TJ protein regulation. We observed that the expression of ZO-1 and Claudin-5 was decreased in EphrinA1-treated I/R mice compared with the sham and I/R groups, thus indicating that the decreased BBB stability in I/R mice could perhaps be due to modulation of ZO-1 and Claudin-5 by EphrinA1. To determine whether the upregulation of the EphA4 receptor was responsible for the downregulation of ZO-1 induced by EphrinA1, we also used an EphA4 receptor inhibitor, EphA4-Fc, to examine the role of the EphrinA1/EphA4 interaction in I/R mice. Surprisingly, our data showed that the downregulation of ZO-1 and Claudin-5 in I/R mice treated with EphrinA1 was reversed by the administration of EphA4-Fc, which indicated that EphrinA1 contributed to the BBB damage through the EphA4 receptor ( Fig. 2A and B) .
Cerebral I/R injury-induced pro-apoptotic cell death signaling and brain damage were enhanced by the EphrinA1/EphA4
signaling pathway. In order to investigate the molecular mechanisms underlying the inactivation of the EphrinA1/EphA4 signaling pathway in the I/R brain, we detected apoptotic signaling using immunoblot analysis of caspase-3 and P-AKT. We found that the caspase-3 expression level was significantly increased in I/R mice treated with EphrinA1. We also observed that I/R mice treated with EphrinA1 had significantly lower levels of P-AKT. Interestingly, pretreatment with EphA4-Fc dramatically reduced apoptotic signaling and promoted survival signaling in I/R mice stimulated with EphrinA1, suggesting that ischemia-induced cell death is likely due to the activation of the EphA4 receptor by EphrinA1 (Fig. 3A and B) . Next, we assessed inflammation levels, brain edema and neurological scores to investigate the effect of the EphrinA1/EphA4 signaling pathway in brain damage. Our data showed that EphrinA1 enhanced the infiltration of CD68 + cells into the ipsilateral hemisphere in 72-h I/R mice (Fig. 3C ). In addition, in comparison with the sham and I/R groups, EphrinA1-treated I/R mice exhibited significantly higher edema in each brain hemisphere, accompanied by lower neurological scores ( Fig. 3D and E) . Interestingly, these effects of EphrinA1 were significantly attenuated by EphA4-Fc, suggesting that the EphrinA1/EphA4 signaling pathway contributes to brain damage in cerebral I/R injury.
EphA4 activation by EphrinA1 induces BBB damage through the Rho/ROCK pathway.
It has been reported that Rho/ROCK signaling is positively relevant to BBB damage induced by I/R. Based on this finding, we wanted to detect whether EphrinA1 modulated RhoA activity in I/R mice. We found that RhoA activity was enhanced under the conditions of I/R, and EphrinA1 promoted RhoA activity in I/R mice (Fig. 4A) . In addition, the phosphorylation of ROCK was also strengthened by EphrinA1 (Fig. 4B) . Similarly, the effects of EphrinA1 were reversed by the administration of EphA4-Fc. Furthermore, we explored whether EphrinA1 regulated the expression of ZO-1 and Claudin-5 via activation of the Rho/ ROCK signaling pathway. The mice received pretreatment with C3 transferase or Y-27632 followed by the administration of EphrinA1. The expression of ZO-1 and Claudin-5 in each group was detected by western blotting. The results demonstrated that C3 transferase or Y-27632 inhibited the EphrinA1-induced downregulation of ZO-1 and Claudin-5 ( Fig. 4C and D) . Therefore, we conclude that EphA4 activation by EphrinA1 induces BBB damage through the Rho/ROCK pathway.
Discussion
Stroke is a major refractory disease with a high rate of morbidity, disability and mortality, and it significantly threatens human health and life expectancy worldwide. According to previously published statistics, stroke markedly increases the risk of dementia by 4 to 12 times (28). Additionally, post-stroke dementia increases the risk of recurrent stroke and mortality (29) . At present, there is a particular need to provide an. effective therapeutic target for VD following ischemic stroke. Notably, the breakdown of the brain vascular endothelium and disorders of tight junctions induced by I/R injury lead to altered BBB permeability, which promotes brain inflammation and edema, and even cognitive impairment (30). However, the signaling mechanisms associated with I/R-induced BBB damage remain poorly understood. Previous studies have demonstrated that brain microvascular endothelial cells are an important component of the BBB; meanwhile, disorders of brain vascular permeability following ischemic stroke contribute to secondary brain tissue damage (31) . In our research, we highlighted the potential molecular mechanisms underlying BBB damage in I/R. The primary finding of this study is that the activation of the EphrinA1/EphA4 signaling pathway may enhance I/R-induced-BBB damage. Inactivation of EphrinA1/ EphA4 may be a potential treatment for ischemic stroke and post-stroke dementia.
At present, the role of the Eph/Ephrin system in the context of the pathophysiology of stroke-induced BBB breakdown and injury is unclear. It has been reported that Eph/Ephrin interactions play a key role in embryonic development (32) . However, increasing studies have demonstrated that these receptors are able to promote some disease processes. Moreover, it has been proven that the activation of the EphA2 receptor by Eph ligands contributes to BBB damage and neuronal death in ischemic stroke, suggesting a crucial role of Eph/Ephrin signaling in these processes (26) . Furthermore, inflammatory responses participated in the complex ischemic cascade, contributing to the damage to the BBB in ischemic stroke (24) . Interestingly, it has been demonstrated that EphrinA1/EphA4 signaling contributes to the adhesion of monocytes to endothelial cells in vitro, which may play a key role in inflammatory stimuli (23) . Although EphrinA1 and EphA4 are known to be expressed in brain microvascular endothelial cells, little is known about whether the interaction between EphrinA1 and EphA4 plays an important role in the context of stroke-induced BBB damage and injury. Therefore, the present study aimed to evaluate the interaction between the EphA4 receptor and EphrinA1 ligand in the molecular mechanisms underlying ischemic stroke.
The data presented in this study revealed that the expression of EphrinA1 and EphA4 was upregulated, secondarily to the stimulation of GD for 12 and 24 h. Next, these results were validated in vivo, and a similar trend in EphrinA1 and EphA4 expression was also observed after MCAO for 24, 48 and 72 h, and the immunohistochemistry staining in the ipsilateral ischemic brain regions confirmed these results. Furthermore, we investigated the role of the interaction between EphrinA1 and EphA4 in BBB damage after stroke by evaluating the levels of the tight junction proteins ZO-1 and Claudin-5. We found that EphrinA1-treated I/R mice exhibited significantly lower levels of ZO-1 and Claudin-5 protein compared with the sham and I/R groups. However, EphA4 silencing by EphA4-Fc abolished the EphrinA1-mediated downregulation of TJ proteins. These results suggested that the upregulation of EphrinA1 contributed to BBB damage through the EphA4 receptor.
Considering that cellular apoptosis plays a key role in brain damage after ischemic stroke, we explored the effect of the EphrinA1/EphA4 signaling pathway on the levels of apoptotic proteins. Apoptosis-related proteins (Caspase-3 and p-Akt) were measured by western blotting to assess apoptotic signaling. Increased caspase-3 and decreased P-AKT protein expression was observed in EprinA1-treated I/R groups compared with the sham and I/R groups, which was attenuated dramatically by pretreatment with EphA4-Fc. In addition, we hypothesized that inhibition of the EphrinA1/ EphA4 signaling pathway exhibited the potential to improve the outcome of ischemic stroke in mice. Surprisingly, we found that the EphrinA1-treated I/R mice had significantly enhanced post-stroke edema and depraved neurological outcomes when compared to sham and I/R mice, but EphA4-Fc was demonstrated to block augmented brain injury via the administration of EphrinA1 in I/R mice. Similarly, we observed that activation of the EphrinA1/EphA4 signaling pathway significantly facilitated inflammatory infiltrates, which was consistent with a possible pathological mechanism in I/R mice.
It is widely known that the Rho-kinase pathway plays important roles in many cellular functions, including contraction, motility, proliferation, and apoptosis (33) . Increasing studies have reported that the excessive activity of Rho-kinase exhibits the capacity to induce oxidative stress and inflammatory response, which promotes the development of cerebrovascular diseases (34) . And a previous study demonstrated that inhibition of Rho-kinase after ischemic stroke improved BBB stability (35) . Next, we wanted to address whether the Ephrin A1/EphA4 interaction induced the activation of Rho and ROCK. Interestingly, we observed enhanced expression of GTP-RhoA and P-ROCK in EphrinA1-treated I/R mice, which was also attenuated by the EphA4-Fc. Finally, we analyzed whether EphrinA1/EphA4 exacerbated BBB damage via the Rho/ROCK pathway. As expected, C3-transferase and Y27632 significantly blocked the EphrinA1-mediated enhancement of ZO-1 and Claudin-5 degradation.
Our study identified the pathological effects of the EphrinA1/ EphA4 signaling pathway in ischemic stroke pathology. The overexpression of Ephrin-A1 and EphA4 contributes to the damage to the BBB and brain injury through the Rho/ROCK signaling pathway. We advocate that inhibition of the EphrinA1/ EphA4 signaling pathway in the early stages following ischemic stroke may alleviate brain damage and neuronal loss. Hopefully, the remission of ischemic stroke via the inhibition of BBB damage may restrain the generation and development of VD.
